Recent advances in super-resolution fluorescence microscopy have substantially improved the spatial resolution of optical imaging^[@R1],[@R2]^. When applied to biological samples, resolutions down to \~20 nm have been achieved in lateral directions with axial resolutions in the range of 10 to 100 nm^[@R1],[@R2]^. The enhanced resolution has enabled the visualization of various cellular ultrastructures previously inaccessible to optical methods. Nonetheless, the current state-of-the-art resolution still cannot resolve many cellular structures, and further improvement of the resolution is desirable.

For example, among the three major types of cytoskeletal structures, individual microtubules and intermediate filaments can be observed with optical microscopy; by contrast, individual actin filaments have not been resolved in cells by optical means, including super-resolution methods^[@R3]--[@R6]^, due to the small diameter and high packing density of actin filaments. On the other hand, actin is of vital importance to many cellular processes^[@R7]^. In particular, the assembly and disassembly of actin filaments in the thin sheet-like cell protrusions drive cell locomotion^[@R8]^. The knowledge of how actin filaments are spatially organized is critical for understanding these processes. While electron microscopy and cryo-electron tomography can resolve individual actin filaments in cells, three-dimensional (3D) reconstructions are still challenging due in part to the structural perturbations induced by the dehydration and embedding treatment required for conventional electron microscopy and the difficulty in reconstructing large volumes by cryo-tomography^[@R9],[@R10]^. Therefore, except for the several hundred nanometers near the cell edge, a full 3D reconstruction of actin has not been achieved for the sheet-like cell protrusion^[@R10]^, and how actin is vertically organized in this region is still unclear (see more details in [Supplementary Discussion](#SD3){ref-type="supplementary-material"}).

We set out to increase the image resolution of super-resolution fluorescence microscopy by combining 3D stochastic optical reconstruction microscopy (STORM)^[@R11],[@R12]^ with a dual-objective detection scheme^[@R13],[@R14]^ ([Fig. 1a](#F1){ref-type="fig"}). In the original 3D STORM approach^[@R12]^, an optically resolvable subset of fluorescent probes are activated at any given instant and imaged using a single objective. Astigmatism is introduced in the detection path using a cylindrical lens such that the images obtained for individual molecules are elongated in *x* and *y* directions for molecules on the proximal and distal sides of the focal plane, respectively. The lateral and axial coordinates of the molecules are determined from the centroid positions and ellipticities of these single-molecule images, respectively. Iteration of the activation and imaging cycles allows the positions of numerous molecules to be determined and a super-resolution image to be reconstructed from these molecular coordinates. It could be reasoned that the total collected fluorescence signal would double by sandwiching the sample between two opposing objectives and detecting the signal from both objectives^[@R13],[@R14]^. Since the localization uncertainty of each molecule scales with the inverse square root of the number of photons detected, doubling the photon count is expected to yield a 1.4-fold improvement in the image resolution.

To characterize the localization precision of the dual-objective 3D STORM setup, we imaged individual Alexa 647 molecules scattered in fixed cells within \~150 nm of the focal plane, a range comparable to the thickness of the sheet-like cell protrusions. In this work, we use the term "cell protrusion" to refer to the thin region of the cell near its edge generally without distinguishing protruding or retracting regions. While we limited our imaging *z*-range to be comparable to the thickness of cell protrusions here, the imaging depth could be readily increased by stepping the sample in the *z*-direction. As each Alexa 647 molecule can be switched on and off multiple times, the standard deviation (SD) of repetitive localizations of the same molecule allowed an experimental determination of the localization precision. Surprisingly, the measured localization precisions, \~4 nm and \~8 nm in *x*-*y* and *z* directions, respectively ([Fig. 1b](#F1){ref-type="fig"}), represent a more than two-fold improvement over previously reported values with the same fluorophore using single-objective STORM^[@R12]^. This localization precision corresponds to an image resolution of \~9 nm in the lateral directions and \~19 nm in the axial direction, measured in full width at half maximum (FWHM).

Further examination of the single-molecule images showed that beyond the expected doubling of photon-collection efficiency ([Fig. 1c](#F1){ref-type="fig"}), the combination of astigmatism imaging and dual-objective detection provided a unique noise-cancelling mechanism that further improved the image precision. Molecules that were axially closer to one of the objectives were necessarily farther from the opposing one, resulting in anti-correlated changes in the ellipticity detected by the two objectives ([Fig. 1d](#F1){ref-type="fig"}, green and blue arrows). In contrast, noises (such as those caused by sample drift) and abnormalities (such as two nearby molecules with overlapping images that are misidentified as a single molecule) led to correlated changes ([Fig. 1d](#F1){ref-type="fig"}, magenta arrow). This effect allowed noises to be cancelled by averaging the *z* measurements from the two channels, and abnormalities to be identified and rejected by examining the difference in the *z*-positions obtained from the two objectives (see [Online Methods](#SD3){ref-type="supplementary-material"}). In addition, we found the mechanical stability of the dual-objective setup (with the optical axis of the objectives parallel to the optical table and the sample vertical oriented) to be higher than that of the single-objective setup built on a standard inverted microscope. The synergy of these effects resulted in a substantial improvement of the spatial resolution.

Next, we tested these imaging capabilities on the actin cytoskeleton ([Fig. 2](#F2){ref-type="fig"}). To optimally benefit from the high image resolution, we labeled the target structure using small organic molecules, by staining actin filaments with Alexa 647 dye labeled phalloidin, which binds actin filaments with high specificity. STORM imaging was performed through the direct activation of Alexa 647 (refs [@R5],[@R15]). Individual actin filaments were clearly resolved in dual-objective STORM images of fixed cells ([Fig. 2a,b](#F2){ref-type="fig"}). The cross-sectional profile of individual filaments exhibited a 12 nm FWHM ([Fig. 2e](#F2){ref-type="fig"}). After accounting for the 9-nm lateral image resolution, we derived the width of phalloidin-labeled actin filaments to be \~8 nm (= (12^2^ -- 9^2^)^1/2^), which agrees with the known diameter of actin (5--9 nm). In addition, nearby filaments with a center-to-center distance of \~20 nm were well resolved from each other ([Fig. 2f](#F2){ref-type="fig"}). In comparison, lower resolution was achieved if one only relies on the information collected by one of the two objectives ([Fig. 2c](#F2){ref-type="fig"}) and actin filaments were completely unresolvable in conventional fluorescent images ([Fig. 2d](#F2){ref-type="fig"}).

The volumetric imaging capability with the 9-nm lateral and 19-nm axial resolutions further allowed us to obtain a holistic, 3D view of the actin networks with dual-objective STORM. Two vertically separated actin layers were observed in the sheet-like cell protrusion despite its small thickness ([Fig. 3a--c](#F3){ref-type="fig"}). Each of these layers was apparently \~30 -- 40 nm thick ([Fig. 3d--f](#F3){ref-type="fig"}). The separation between the two layers was generally \~100 nm, but can be as small as \~ 50 nm ([Fig. 3d--f](#F3){ref-type="fig"}). The separation increased to much larger than 200 nm in the interior region far from the cell edge, suggesting that the two layers evolve into the cortical actin layers in the cell body. We also validated the two layer organization in living cells ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}). Similar to the *xy* case, only using information obtained from one of the objectives substantially reduced the quality of the *xz* cross-section images ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}).

Although filaments in the two layers formed well separated networks, thick filament bundles occasionally connected the two layers ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}). Such bundles typically originated from adhesion plaques, ran through the ventral layer, and gradually rose towards and ultimately reached the dorsal layer ([Supplementary Fig. 3b--d](#SD2){ref-type="supplementary-material"}), as expected for the dorsal stress fibers^[@R16]^. Thick bundles connecting adhesion plaques on the ventral surface, as expected for ventral stress fibers^[@R16]^, were also observed. In addition to these mature focal adhesions at the end of the thick actin bundles^[@R17]^, smaller and more isotropic adhesion complexes were also observed ([Supplementary Fig. 3e--h](#SD2){ref-type="supplementary-material"}), likely representing nascent adhesions complexes^[@R17]^. Actin filaments attached to these structures diverged in different directions.

Remarkably, the two layers of actin networks often exhibited highly distinct spatial organizations of actin filaments ([Fig. 3g,h](#F3){ref-type="fig"}). While the dorsal layer appeared as a consistently dense and homogeneous meshwork, the ventral layer typically formed a web-like structure with a lower filament density and highly variable organization. The two-layer arrangement was observed in BSC-1 epithelial cells ([Fig. 3a--h](#F3){ref-type="fig"} and [Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}), as well as in COS-7 fibroblast cells ([Supplementary Figs. 5 and 6](#SD2){ref-type="supplementary-material"}). The actin density in the dorsal layer can be several times higher than that in the ventral layer ([Supplementary Fig. 5f,i,j](#SD2){ref-type="supplementary-material"}). Additional analysis suggests that the two layer arrangement spans the lamellum and possibly extends into the lamellipodium (see [Supplementary Results](#SD3){ref-type="supplementary-material"}).

To explore the molecular mechanisms underlying the structural differences observed for the two actin networks, we investigated how these networks responded to different actomyosin-perturbing drugs. Cytochalasin D, a drug that inhibits actin polymerization, reduced the filament density as expected ([Supplementary Fig. 7a](#SD2){ref-type="supplementary-material"})^[@R18]^. Latrunculin A, a drug that sequesters monomeric actin, also reduced the filament density as expected^[@R18]^, but with the dorsal network substantially more disrupted than the ventral layer ([Supplementary Fig. 7b](#SD2){ref-type="supplementary-material"}), suggesting that the dorsal layer is potentially more dynamic and thus more readily disrupted by actin monomer depletion. Interestingly, blebbistatin, an inhibitor for myosin II, removed the structural differences between the ventral and dorsal networks: both networks became uniform actin meshworks of similar density, reminiscent of the dense, uniform dorsal network observed in untreated cells ([Fig. 3i--m](#F3){ref-type="fig"}). This result suggests that myosin II plays a key role in the structural organization of the ventral actin layer and in maintaining the structural differences between the dorsal and ventral actin networks. This function of myosin II is potentially related to its activities previously found in regulating actin disassembly, actin bundle formation, and focal adhesion maturation (see more detailed discussions in the [Supplementary Discussion](#SD3){ref-type="supplementary-material"}).

By combining astigmatism imaging, dual-objective detection and small-molecule labeling in STORM, we have achieved an image resolution of \< 10 nm in the lateral directions and \< 20 nm in the axial direction. This lateral resolution is 2-fold or more higher than previously achieved for biological samples using super-resolution methods. Although higher axial resolutions have been reported using interferometry approaches^[@R13],[@R14]^, the astigmatism-based system reported here is substantially simpler to implement.

The ability to resolve individual actin filaments in cells for the first time using fluorescence microscopy opens a new window for studying numerous actin-related processes in cells. The two layers of continuous actin networks with distinct structures we observed in sheet-like cell protrusions support and extend previous understanding of the 3D ultrastructure of the actin cytoskeleton^[@R19]^ (see [Supplementary Discussion](#SD3){ref-type="supplementary-material"}). The high image resolution obtained with dual-objective STORM should also find use in many other biological systems.
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![Experimental setup and spatial resolution of dual-objective 3D STORM\
(**a**) Schematic of the setup. Two microscope objectives are placed opposing each other and focused on the same spot of the sample. Astigmatism is introduced into the images collected by both objectives using a cylindrical lens. M: mirror; Obj.: objective; LP: long-pass filter; CL: cylindrical lens; BP: band-pass filter. (**b**) Localization precision of Alexa 647 molecules in fixed cells measured with dual-objective STORM. Each molecule gives a cluster of localizations due to repetitive activation of the same molecule. Localizations from 108 clusters (each containing \>10 localizations) are aligned by their center of mass to generate the 3D presentation of the localization distribution. Histograms of the distribution in *x*, *y*, and *z* are fit to Gaussian functions, and the resultant standard deviations (σ~x~, σ~y~, and σ~z~) are given in the plots. (**c**) Distribution of the number of photons detected for individual Alexa 647 molecules through both objectives (red; average: 10,600) and from a single objective (black; average: 5,200). (**d**) Images of activated Alexa 647 molecules obtained from the two objectives in a single frame. A molecule that appears elongated in *x* through one objective should appear elongated in *y* through the opposing objective (green and blue arrows). On the other hand, if two nearby molecules were mistaken as a single molecule, the images obtained through both objectives would appear elongated in the same direction along the line that connects the two molecules (example marked by the magenta arrow). Scale bar: 2 μm.](nihms343154f1){#F1}

![Dual-objective 3D STORM resolves individual actin filaments in cells\
(**a**) Dual-objective STORM image of actin (labeled with Alexa 647-phalloidin) in a COS-7 cell. The *z*-positions are color-coded according to the color bar, with violet indicating positions closest to the substratum and red indicating farthest. (**b**) Close-up of the boxed region in **a**. (**c**) STORM image of the same area obtained by using only the information collected by Objective 1 of the dual-objective setup. (**d**) Conventional fluorescence image of the same area. (**e**) The cross-sectional profile of eight filaments overlaid by the center of each filament. The red line is a Gaussian fit with FWHM of 12 nm. (**f**) The cross-sectional profiles for two nearby filaments in (**b**) and (**c**) (white arrows). The grey bars correspond to the dual-objective images in (**b**) and the red line corresponds to the single-objective image in (**c**). Scale bars: 2 μm for **a**, 500 nm for **b**--**d**.](nihms343154f2){#F2}

![Sheet-like cell protrusion is comprised of two layers of actin networks with distinct structures\
(**a**) Dual-objective STORM image of actin in a BSC-1 cell. The *z*-positions are color-coded according to the color bar. (**b,c**) Vertical cross sections (each 500-nm wide in *x* or *y*) of the cell in (**a**) along the dot and dash lines, respectively. Note when far from the cell edge, the *z*-position of the dorsal layer increases quickly and falls out of the imaging range. (**d,e**) The *z*-profiles for two points along the vertical section, corresponding to the red and yellow arrows in (**b**), respectively. Each histogram is fit to two Gaussians (red curves), yielding the apparent thickness of the ventral and dorsal layers and the peak separation between the two layers. (**f**) Quantification of the apparent thickness averaged over the two layers and the dorsal-ventral separation obtained from the *xz* cross-section profile in (**b**). (**g,h**) The ventral and dorsal actin layers of the cell in (**a**). (**i,j**) The ventral and dorsal actin layers of a COS-7 cell that was treated with blebbistatin. (**k,l**) Vertical cross sections (each 500-nm wide in *x* or *y*) of the cell along the dot and dash lines, respectively. (**m**) Actin density of the ventral and dorsal layers along the yellow box in (**i**,**j**), measured by the localization density. Scale bars: 2 μm for **a**, **g**, **h**, **i**, and **j**; 100 nm for *z* and 2 μm for *x/y* for **b**, **c**, **k** and **l**.](nihms343154f3){#F3}
